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CONVERSION TABLE

CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measuZement used in this report can be converted to S1

(metric) units as follows:

4ultia.v Dv To Obtain

degree (angle) 0.01745 radians

feet 0.3048 metze$

feet per second 0.3048 metres per second

inches 2.540 centimetres

inches 3 (volume; 16.38706 cubic micrometres
section modulus)

inches per second 2.540 centimeGtres pe second

inches 4 (second 0.4162314 micLomet:es to
moment of area) the fourth power

kilotons 4.184 meqa~oulea

kips (1,000 pounds force) 4448.22 newtons

kips per square inch 6.894757 megapascals

microinches 0.0254 megametres

pounds (force) per 6.894757 kilopascals
square inch

pounds (mass) 0.45359237 kilograms

pounds (mass)-seconds 17.858 kiloqram-seconds
squared per inch squared per meate

square feet 0.09290304 square met:as

square inches 6.4516 square centimetres

tons (nuclear 4184.0 megaloules
equivalent of TNT)

iv



TABLE OF CONTENTS

Section Page

PRERACE ...................... ili

CONVERSION TABLE ............. ................ iv

LIST Of ILLUSTRATIONS ........ .............. vi

LIST Or TABLES ............... .............. X,

INTRODUCTION AND BACKGROUND ....................... I

1.1 Ob e ive ............... ............... . . . 2
1.2 Scope ................................................... 2

2 WEAPONS EFFECTS LOADING PAAAMETEAS ........................... 5

2.1 Detonation Geometries .......................... 5
2.2 Airblast ................................................ 5
2.3 Crater Effects ........................... 6
2.4 Ground Shock ............................................ 6
2.5 Shock Spectrum .......................................... 16

3 TYPICAL ELEMENTS FOR HARDENED ANTENNA STRUCTURES ............. 65

3 .1 Slab-Type Closures ................................ 65
3.2 Dome-Type Closures ..................................... 73
3.3 Silos ................................................... 75
3.4 Base Slab .................................. ............ 85
3.5 Lifting Mechanism Concepte Including Loading Criteria... 86
3.6 Spacsý Ruq.irement3s withLn a Hardened Communications

Struc ture ............................................... a8
4 RELATIVE COSTS AND TRADE-OFFS ................................ .36

4.1 Relative Cost of Silo Elements .......................... ". 36
4.2 Threat Scenario for Hardened Comnmunication Systems ...... .138

5 DISCUSSION, CONCLUSIONS AND RECOMMENDATICNS .................. 1.55

5.1 Discussion and Conclusions .............................. 155
5.2 Recomnendations ......................................... 157

6 LIST OF REFERENCES ........................................... 1. 59

V



lOST or ::LUS .•A:cNS

Fiqure ?age

Design C^ncept :)or Srucure aHousing a Whip Antenna ..........
2 Design Concepts orC Structures Mousing Diecti nal Antennae. 4
3 3urst Conditions of :nterest and Peak Overpressure Versus

Ground Range for a 1-MT Surface Burst ........................ 24
4 Peak Ground Surface Air Overpressure with Range, 1-MT Weapon,

HOB - 0 and 500 ft ........................................... 25
5 Positive Phase Duration and :mpulse, 1-MHT Weapon,

MOB - 0 and 500 ft ........................................... 26
6 Ai.blrast Shock Front VeloCity with Range, 1-MT Weapon,

H;C - 0 and 500 ft ...... 27
Crater Radius, Depth and Apparent Volume :ncluding Maximum
and Median Ejecta Depth with Range, I-MT Weapon, MOB - 0 ..... 2

S Crater Radius, Depth and Apparent Volume :ncluding Median
Ejecta Depth with Range, 1-MT Weapon, DO a 5 and 10 !t ...... N9

9 Angle Dilatational Wave Makes with the Ground Surface at
700- and 2,000-ft Ranges ..................................... 30

10 Normalized Solutions for Peak Overpressure of 15,000 psi ..... 31
11 Normali:ed Solutions for Peak Ove:pressure of :0,000 psi ..... 36
12 Normalized Solutions for Peak Overpressure of 5,000 psi ...... 41
13 Normai.zed Solutions for Peak Overpressure of 1,000 psi ...... 46
14 NormalIzed Solutions for Peak Overpressure of 500 psi ........ . 5.

"" ekVrtical Displacement Versus Range for Airbiast-.5 Peak Voý* lDslcmn o~u ag o ibat

Znduced Ground Shock, 1-MT Weapon, MOB - 0 ................... 5i
16 Peak Vertical Surface Acceleration Versus Range for

AL:blast-:nduced Ground Shock, I-MT Weapon, MOD - 0.......... .57
17 Peak Vear-Sur!ace Morizontal Displacement, Velocity and

Acceleration for Zirect-Znduced Ground Shock, 1-MT Weapon,
HOD - 0 ................................................. 33

is Peak Near-Surface Morizontal Stress for Direct-Tnduced
around Shock, I-MT Weapon, HOB - 0 ........................... 59

19 ?eak Vear-Surface Horizontal Displacement, Permanent
3isplacement and Horizontal Particle Veloci•t, Crater-:nduced
around Shock, lM-T Weapon, MOB a 0 ...........................

20 lertical Response Spectrum for Airblast-Tnduced Shock
Loading for Three Overpressures, I-MT Surface Burst ........... 61

21 Horizontal Response Spectrum for Airblast-Induced Shock
loading for Three Overpressures, 1-MT Surface Burst ........... 62

22 Horizontal Response Spectrum for Direct-Znduced Shock
Loading for Three Overpressures, 1-MT Surface Burst .......... 63

23 "Sure Sale" Vertical and Hori:ontal Shock Spect:a !or
:nternal Components, 3lercent Damping ........................ 64

24 Composlze Tub-Type .losure .................................. .19
25 Static Resistance of Sl&b-Type CIosures (EquatLon 3.3) .......
26 Static Resistance ot Slab-Type Closuces (Equation 3.4) ....... II.
27 Natural Period of Circular Closure wLth Clamped Edges ........ 1
28 Natural Period of Circular Closure that is Simply Supported� 113
29 Peak Overpressure Capacity of Slab-Type Clooure, 1-MT

Weapon, MOD - 0 , A - 2 ...................................... ii4

vi



:.:ST F CF LLUSTRATICNS (C2NT:.L'ED)

Figure Pae

3C ?Oeak Cverpressu:e CaPaCity Of Slab-Type Closure, 1-HT
Weapon, HOS a 0 , a 5 .....................................

3. Required Bearing Width for Composite Slab ClosuZe ............. 116
32 Load Engulfment and Assumed Loading for Desiqn of

Dome-Type Closure ........................................
33 Stat•c Resi4tance of Dome-Type Closure .............. ........ 113
34 Peak Overpressure Capacity of Dome Closure, 1-MT Weapon,

HOB a 0 , # n 2 ............................................... 11I
35 Static Axial Resistance of Silo with No Liners ............... :0
36 Static Axial Resistance of Silo with :ntaenal Steel Liner

Only ......................................................... 12
37 Static Axial Resistance of Silo with :nternal and External

Steel Liners .".
38 Static Hoop (Horizontal) Resistance of Silo with No Liners... 1:3
39 Static Hoop (Horizontal) Resistance of Silo with :nerneal

steel Liner Only ............................................. .14
40 Static Hoop (Horizontal) Resistance of Silo with Internal

and External Steel Liners .................................... .1 5
41 Normalized Triaxial Compression Data ......................... 126
42 Direct-Znduced Airblast and Airblast-:nduced Ground Shock

Engulfmen t of Silo ........................................... .27
43 Axial Overpressure Capacity of Unlined Silos to a !-MI Weapon

Prior to Arrival of Radial Soil Stress, HOD - 0, u a 2 ....... *:9

44 Axial overpressure Capacity of Interior Lined Silos a 1

.o a .- MT Weapon Prior to Arrival of Radial Soil Stre~s,
HCB a 0, a - 2 .............................................. .129

45 4ala' iverpressure Capacity of :nner and Outer Lined Silos
" t) to a 1-MT Weapon Prior to Arrival of Radial So~i

S1:esF .8 - 0, 2 .. .................................... '30
46 Peak Ground Surface Over:'essure Capacity (Pso) of Unlined

Silo %o a -MHT Weapon Alter Arr-val of Radial Soil Stress,
ýo.), HO - 0, A - 2 ......................................... . 3:

47 cower Required to Lift :ome- and S.ab..Typ Closures,
1-MT Weapon, HOB 0 ft ........................... ........... 32

48 LIftinq Concept for Dome Closures ............................ 133
49 Equipment Configuration for a One-week Operational Period,

Domed Closure ................................................ 134
SO Equipment Configuration for a One-Month Operational Period,

Dcmed Closure ................................................ 13 5
sl Relative Cost of Slab-Type Closure ........................... 147
52 aelat_*ve Cost of Dome-Type Closure ... ....................... .. 48
53 Relative Cost of 10- and 20-Foot-Long Silos .................. .149
54 Relative Cost of Base Slab .................................. 150
55 Cost of Hydraulic Cylinder and Power Supply for

Slab Closure System ..........................................
56 Cost of Hydraulic Cylinder and Power Supply !or

Dome Closure System .......................................... .152

vi



L:ST OF :LLUSTRAT:ONS (CONT:•NUED)

?igurs ? age

57 ota! Re.lative o:03 of Hardened Antennae 3tcucture,
Slab Closure, !-.qT Surface Burst ............................. LE3

58 Total Relative Cost of Hardened Antennae Structure,
Dcme Closure, I-MT Surface Bu st ............................. '154

viii



L:ST OF TABLES

Table Pige

Ratio of Horizontal to vertical Soil Pressures ................ 0
2 Recommended Ratios of Peak Horizontal to Peak Vertical

Ground Shock Components in the SUtperseismiC e n ............ :.
3 Ratios (K) of Peak Horizontal to Peak Ve:tical Ground Shook

Components, Superseismic Region for a Dry, Silty Sand .........
4 Peak Hor•zonzal Displacement and Velocity for Crater-

:nduced Ground Shock ..
5 Strength :ncrease Ratios Due to Strain Rate !o: Slab-ype

Closures ...................................................... 91
6 Allowable leak Overpressures and Time to maximum Response

for Slab-Type C¢osures, I-MT Device, HOB - 0 .................. 92
7 Strongth Increase Ratios Due to Strain Rate for Dome-Type

Closures ................................................. . ... 4
8 Allowable Peak Overpressures and Time to MaximuM Response

for Dome-Type Closures, I-MT Device, HOB - 0 .................. 25
3 St:angZh :nc:ease Ratios Due to Strain Rate for Silos in

Axial Compression ............................................. 9
*0 Strength :no:ease Ratios Due to Strain Rate for Silos in

Hoop Compression .............................................. )
11 Peak Pressure at time, t - t2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  )9
12 Triaxial Stress Relationships for Unlined Silo After SoIl

Stress Engulfment, ?so " 15,000 psi ........................... 100
13 Triaxial StXess Relationships for Unlined Silo After Soil

Stress Engulfment, P., " 10,000 psi ........................... 1.
14 Triaxial Stress Relationships for Unlined Silo After Sol!

Stress Engulfment, 230 . 5,000 psi ......................... -W2
15 Allowable Peak Overpressures and lime to Maximum Response

for Unlined Silos Responding in Axial :"rr-essn Prior to
Arrival of Radial Soil StZess ............ ................... .100

:6 AAlowable leak Overpressures and Time to maximum Response
for :nne: Steel Lined a- - S Responding in Axial
CompressIon Pr.or to A.-vaI of Radial Soil Stress ............ 14

17 Allowable Pleak Overp3essures and Time ;o Maximum Response
a~~( :ne1adafor :nner and Outer Steel &ined C- ,.) Silos Responding

In Ax!al Compression Prior to Arvalf Padial Soil Stress... 105
18 Dynamic Analysis of Unlined Silo in Hoop Compression After

Arrival of Radial Soil Stress .............................. :06
19 Power and Stroke Requirements for Slab- And Dome-Type

Closures ...................................................... :" 7
20 Representat-ve Requi:ements for Three Different

Communications Terminals ...................................... . 08
Relative Cost of Slab-Type Closure ............................ : 40

22 Relative Cost of Dome-Type Closure ........................... .. 4
23 Relative Cost of 10- and 20-root-Long Silos ................... 1.4
24 Relative Cost of Base Slab .................................... 44
25 Cost of Hydraulic Cylinders and Power Supply for

Slab Closure Systems .......................................... .45
26 Cost of Hydraulic Cylinders and Power Supply for

Dome Closure Systems ......................................... .46

ix



SECT:0N i

ZNTRODUCT:cN AND BACKGRCtND

A m0st important component of any hardened command and Con%:01 structure

is the antenna system that provides the communication link with the outside

world. Consequently, either the antenna system or the structures housing

such antennae need to be hardened to resist specified threats. :t is

probably not practical to harden either exposed whip or directional antennae

for overpressures greater than, say, 25 psi. Consequently, blast and £UP

hardening 13 achieved by housing antennae in structures designed to resist

speCitied overpressure .evels.

Whip-type or te~lescoping antennae extend up to about 60 feet in ths aer

and have an operating range of about 100 miles, depending on terrain

features. Directional antennae have parabolic dishes and :an be beamed "o

satellites for world-wide communications. The diameter of the dish is

dependent upon the !requency range of the communication system. For

example, in the super high-frequency (SHY) range, parabolic dished having

diameters 8 feet and greater are common. :n the extra high-frequency (EHF)

range, dishes having diameters 2 to 3 feet in diameter are realistic.

Based on the size and function of these antennae, it reasonable that a

family of !1ush-burled, silo-type structures havinq internal diameters of

48, 96, and 4L4 inches up to 20 feet in length should conceivably house any

of the antenna types including necessary components, i.e. %:ansmitters,

receivers, poweGr supplies, etC. :t is anticipated that an overpressure

range from I kilobar (approximately 15,000 psi) to 500 psi from a 1-MT

device should meet the requirements for most design considerations and

consequently has been used as the basis of design for this report.

For :he whip antenna, a concept is shown in Figure I using a silo-type

structu.a with a :emovable closure that will house an antenna that can 'e

telescooed into the ai:. Two generalL:*d schemes are shown in Figure Zor!.:

a pop-up and fold-out and a pop-up directLonal antenna. The use of a fold-

up antenna minimizes the size of the hardened structure and hence its cost.



The oODecrive is to provide aesign guidance for a fami.y of sv:uctu:es

that can protect whip and directiona& antennae from th•i blast and shock

effects f:om a 1-MT device for ground surtace overpressures ranging f::m

15,300 to 500 psi.

i.2 SCOPE.

The pertinent weapons effects criteria !or a .- MT dev&ce detonated on

and over a dry, sandy, silty soil terrain were first defined. These effec-zs

necessary for design included the crater size, the e*eca field, airblast,

and ground shock for ground surface air overpressure levels ranging from

:5,000 to 500 psi. As the antennae, t:ansmitters, receivers, power

supplies, and lifting mechanisms will be located within such structures,

appropriate shock spectra plots were developed to determine if the ftagility

level of pertinent esuipment will be exceeded and for designing stock

isolation systems. The static resistances of a family of s3lo-:ype

structures having internal diameters of 4, 9, and 12 feeot and lengths up to

20 !eet were determined for the pressure ranges of inte:est. 3oth slab and

dome-t•pe closures were considered. :he influence of strain rate and the

tria:ial state of stress of concrete wete examined to show the signifl:ance

of %hese parameters in deternmninq the resistance of tne sile system -.

overpressure. Power requirements were determined to p.sh the closures

through an e*ecta field. lifting and/or handling mechanisms for slab and

dome Closures as well as lfti:ng mechanisms for the various zypes of

antennae were also examined. The :elative cost of the various elements of a

hardened silo structure to include the lifting systems is presented in te••s

of overpressure level. From this information, cost trade-offs versus

distance can be studied. Finally, an assessment %as made describing where

improvements are needed !or design procedures, what supporting data are

per:tnent, and what field tests are needed to support the role of hardened

StruCtur6s to house antennae.
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Figure .. Design concept for structure h~ousing a whip ant~enna.
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a. Pop-up and fold-out directional antenina scheme.

-r

'i. ?op-up, small diameter, directional antenna scheme.

Figure 2. Design concepti for structures housing directional' anteinnae.
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SECT:ON 2

WEAPONS ETFZC=S LOADIG PARAMETERS

:n the design of any system, it is fi:st Impotant to establish the

input loading conditions. The loading conditions generated by the

detcnation of an explosion that need to be considered in the design of a

structure include ai=olast, ground shook (airblast, direct, and crater

induced) and eecta. 'e shall assume for demonstration and design purposes

a !-HT weapon detonated in a dry soil environment. The weapon can be

detonated above, on, or below the ground surface; each of these detonation

geomemties produces a different set of maximum loading Conditions. FOr

example, it is possible for an airburst to maximize ground surface air

overpressure values but minimize cratering effects. We shall examine the

different possible detonation geometries and determine a consistent set of

loading zondit Ions.
:n establishing tate loading condition produced by the detonation of a

nuclear device, we used the Air Force Design Manual (Reference 8), computer

codes (Reference 14) developed by the Defense Nuclear Agency (DNA), and the

American Society of Civil Engineers Manual 42 (Reference 2).

2.! DEONAT:ON GEOMETRIE.

Three burst conditions for a 1-MT weapon were assumed, as shown in

Ftgure 3, for A dry soil site, say, a dry sandy silt. Height-of-burst (HCB)

and surface burst geometries were considered for alrb~as ýloAding

conditions. Vae near-surface (charge below ground surface) condition was

selected to produce maximum horizontal direct-induced ground motion, crater

size, and maximum e*ecta.

2.2 :BAT

The optimum, HOB Oor a .- MT weapon to produce L0,000 ps•. out to a range

1! 900 feet Is about 600 feeo. The optimum HOB is about 800 feet to proauce

a ground surface air overpressure of 3,000 psi at a ground range of about

1,000 feet. As we are interested in overpressures up to L kilobar

(15,000 psi), an HOB of 500 feet was selected as being a reasonable



condit.lon for the abcveground burst of interest. Shown -n Fi;ure 4 are :.e

peak ;r:und surface air overpressure distance :elat.onships (Reference 14)

!or a HOB of 3 and 500 feet. At a range of 650 seet, :he peak 0rs3sures

based on the DNA code (Reference 14) are about 6 percent lower than the

Brade-Speicher predictions (Reference 2) and ab•ut 4 percent lowes at a

range of 900 feet. The positive phase duration and impulse for a -X-T

surface burst for an HO3 of 0 and 500 feeot ae shown in F•gure 5. Shown in

Figure 6 is the •icblast shook front velocity (U) with range for an KOS of

and 500 feet for a .-MT weapon. However, based on cnnversations with

Mr. vames D. Cooper, of the DNA, and recent inforation, it will be assumed

that a burst at a 500-foot HOB will produce about the same a:rblast

conditions as an HOB of zero. Hence, the conditions for an KOS of zero will

te used foz the calculations !or ai:blast in %his report.

2.3 CRATER EFFECTS.

The crater volume, radius, depth, and both the med-an and maximum

thicknesses of ejecta for a I-MT detonation for a zero HOD are shown in

riqure 7. Fot comparison purposes, the median ejecta thickness wLth range

for an KOS of 0 and depth of bursts (DOB) of S and 10 feet are shown in

Figure 8, The crater dimension for the two DOD conditions are also shown.

The o•ecta with distance has been shown on an expanded vertical scale so

that %he magnitude of this soil cover can be better appreciated, especially

when considering the problem of pushing a closure system protecting an

antenna through such an earth cover. Also, the volume of a crater is an

important factor when estimating near-surface late-time ground motions. :t

should also be noted that !or KOD'S greater than about 100 feet, there will

be no craters.

2.4 G3ROUD SHOCK.

Ground shock propagation in a real geologic situation, i.e. layers of

soil, water tables, and rock interfaces, is a very complex phenomena. ?or

design purposes we have selected a simple geologic condition, a dry

homogeneous soil. Even though such a geometry is simple, the range of

loadIng conditions developed are realistic when considering the design of

6



near-sur!ace hardened structures. There are basic, accepted categories of

ground shock, namely: aLrblast induced, ILgect indued', and c:ate: induced

tat will. 'e described in the !ollowing sections.

2.4.16 Airblast-:nduced Ground Shock.

An expanding airblast wave loads the ground surface imparting an air-

inducea ground shock. The character of the induced ground shock is stronng7

influenced by the relative values of the airblast shock velOcity and the

wave velocity of the ground media. The induced ground shock propagates as

compression waves (dilatational waves), shear waves, and surface waves.

There are three regions of interest foc the ground surf ace, air overpressure

wave, i.e. supterseismic, transseaismic, and subseismic.

The supemseismic .ecaion is defined as that where %he shock f:ont

velocity of the airblast exceeds that of the dilatational and shear wave

velocitles ol! the ground medium:

V > Cp P: CT (2.1)

where:

U a Airblast snock front velocity.

w Dilatational wave velocity in ground medium.

C- 0 Shear wave velocity in ground medium.

Since the airblast velocty in the superseaismic region is greater than

the dilatational or shear wave velocities, no disturbances are propagated in

front of the airblast wave.

'he transeaismic region is defined when the airblast shock front

velocity becomes less than the dilatational wave velocity but greater than

the shear wave velocity:

CP > U > Cv (2.2)

The subseismic regaon is defined by the condition when the aLrblast

shock front velocity is less than both the dilatational and shear wave

velocitLes:
7



C p > C- v> '1(13

:n the so-called out:unning region for both the t:ansses3mic and

subseismic regions, the ground disturbances can become quite complex and %he

motions are primarily horizontal.

:n an elastic medium, it has been shown (Reference 19) that for

mater~ials with a Poisson's ratio (i) ranging between 0.3 and 0.4, the

dilatational wave velocity is about twice that of the shoar wave. The 3hea:

wave velocities (Reference 19) for low stress levels (seismic energy) for a

fine silty sand for shallow depths, say, up to 20 feet, are approximately

500 to 600 ft/s. Associated dilatational wave velocities of 1,100 ft/s are

reisonable. Tor our design case, we shall assume that:

Cp 0 1,200 ft/s

CV 5 $00 ft/s

Based on airblast, the ground ranges of interest extend from about 600 tz

2,000 feet from ground zero (0Z). ly examiaLng Figure 6, it is obvious "hat

our domain of inte:est is in the superseismic region as the airblast shock

front velocity is about 6,000 ft/s at a range of 2,000 feet, which is much

greater than the dilatational wave speed at that range. Hence, it is

reasonable to assume that a one-dimensional procedure for ground shock

predictions is adequate. The flat entry angle that air-induced ground shock

wave makes with the g:ound surface supports this assumption and is shown in

Figure 9 for ground ranges of 700 and 2,000 feet from OZ.

A one-dimensional approximation of the air-induced ground shock is

discussed in the following sections.

2. .I.. 9Vert•cal Stress, Particle Velocitv, and Disolacement. The stress,

pa:ticle velocity, and displacement as functions of time and depth for the

one-dimensional elastic case (r w I) are as follows (Reference 8):



a (z, ) (t - -!) (&..4)
CL

. z)
P(t - r

t

d (z,2 .) f v ( ,t) dt, C(2 6)
Z/C L

!or t> C L

where:

ta Tim*.
(r a Verti.cal stress.

p(-.1 - Overpressure time history.

C - Loading wave propagation velooity.

vs a Vert4.cal. partiole velocity

D a Mass density of soil.

a Veertcal displ.acement.

Sol.uti.ons for the case of no strain recovery (r - 0) have been detr:-

mined for nuclear overpressure functions and are as follQw3 (ReferenCe 8):

(n * 1) 1 11 •:

(:°' * ' - l - L o - - - ,

9



for t C to and p(t) - P (1 -
CL a

The parameters to and n should be selected so that the approximation

contains the same impulse as the actual aAiblast overpressu:e up to the

maximum time of interest. Measured field data show that rise time increases

as the stress wave propagates into the ground. :n order for the stress wave

to be move realistic, the initial aZrival is assumed to occur at a time as

followe (Reference 8);

*i • ••

where:

t, a wave front a:rrval.

z a Depth.

CA - velocity of wave front.

The velocity (Cj) of the wave front should be assumed as the ins.tu

seismic velooity. The peak stress is assumed to oc.ýur at a time equal to

z/CL '

The assumption of one-dimensional wave propagation in a homogeneous Ialf

space is not exactly a true representation of the :eal world, especially

when assuming elastic conditions. However, the prediction procedures a:e
:el~afle estimates of response for relatively homogeneous sites and

estimates of the incident wave propagating into the upper layer of layerad

sites at early times atter airblast arrival,

Shown in Figures '0 through 14 are the normalized, vertical stress and

particle velocity profiles for peak overpressure values of 15,000, !,0OC,

5,000, 1,000, and 500 psi, respectively, !or depths (z) of 5, 10, ana

20 fee:.

The loading wave propagation velocity (CL) for a dry sandy-silt soil was

estimated to vary from about 800 to 600 ft/s (Reference 20) for ground

surface overpressures ranging from 15,000 to 500 psi. Therefore, for

calculation purposes, values of CL of 800, 750, 700, 600, and 600 !t/s
10



Were used at overpressue :anqges of 15,000, 10,000, 5,00CO, t,000, and

500 Ps., respectively. Equations 2.7 and 2.8 were used to goeecate values

of st:ess and particle velocity for the case where no strain recover7

(Z - 0) occurs. These values also compared favorably to the results fr:om a

one-dimensional computer code (Reference 20). The code was also used to

predict values for the case of complete strain recovery (r a 1), i.e.

elastic case. An estimate of rise time for the case of no strain recovery

(r a 0) is also shown. The rise time for the elastic case (r a 1) is zero.

The actual rise time is most likely some value between the limits described

for the r a 0 and I cases, respectively.

2.4.1.2 Peak Vertecal 0is~lacement. An approximate expression can be

used to estimate peak vertical displacement as follows (Reference 8):

I
d -m (2 , 1ma
MAX 0 CL

where :rM is the total ai:blast impulse. Peak displacements versus range

are shown In Tigure 15.

2.4.1.3 Maximum Vertical Acceleration. The maximum vertical downward

acce.e:azion is related to the shape of the rise to maximum velocity. :f a

linear rise of particle velocity is assumed, then the maximum acceleration

is as follows (Reference 8):

v
max

a *- "

where:

a..ax - Maximum acceleration.

vMax M Maximum particle velocity.

=- Rise time :o maximum velocity.

At the ground surface, the rise time (t.) is about equal to the rise time of

the airblast. The tise time values of Interest that Zesults in acceleration

values comparable to measured field values is on the order of 0.001 sec.

Using a value of tr a 0.001 in Equation 2.11, an expression for peak

vertical acceleration at the ground surface is as follows (Reference 8:

ii



aP3 ý:000 !P3 I PC!p i:::;,

where CL corresponps to surface soil conditions. Values of CL
a ssociated with the overpressure (P..) level were described in Section

2. . Values of peak vertical surface acceleration versue range are

shown in Figure I6.

2.4.A.4 Horizontal Stress and Motions, One-dimensional meto•ds present

little Lngornation on horizontal stresses and motions. Procedures however

have been developed from empirical approaches and two-dimensional

calculations. 4n general, %he procedure assumes some factor (K) times %he

vertical stress or motion to produce a consistent horizontal value.

Horizontal stress is determined by muliplying the vertical stress by

the coe!f!cLent of earth pressure at test (K.), see Table 1. The

:elationship is as followei

th 0 Ko ev (2.,13

:n general# K. Is really not a constant, but varies with stress level,

strain rate and whether the soil is being loaded or unloaded, ror highly

saturat•d soils, K. approaches unity. The recommended ho:izontal-zo-

vertic.a. ratios for homogeneous and layered sites is shown in Table 2.

Usanq the information Ln Table 2, the ratios of peak hori:ontal to peak

vertical ground shock components for the superseismic region are shown In

Table 3. The values of K. shown in Table I are based on soil stroesses up

to 1,000 psi. As we are interested in much higher stresses, values of Ko

!or stresses shown Ln Table 3 are based upon Reference 20 and conversations

with 3c. Behzad Rohani of the U.S. Army Engineer Waterways Experiment

Ztation. To determine horizontal waveforms , the ground shock component

values of the vertical waveform are multiplied by appropriate K values.

&.4.2 Direct-:nduced Ground Shock.

Oirect ground shock results from the initial stress wave caused by the

direct coupling of energy into the ground at the detonation point. ror

12



fully contained bursts, it is the only form of ground shock that exists.

For hiqh-altitude bursts it is nonexLstent. For bursts at or near the

sur!ace of the ground, direct-induced ground shock is an LImprtant effect:n

the close-Ln region. For the design Case discussed in this report, we Axe

particularly interested in the surface and near-surface burst conditions.

most of the empirical data however is fo: fully contained bursts. uJsLng

scaling reCationsh$ps, assumptions regarding coupling, material properties,

and free surface effects, near-surface predictions can be related to those

for contained bursts. sued on experiments in soil, it has been observed

that the attenuation rate f.)r motion is ;zeater in the region below the

charge than the :egion closer to the ground surface.

for a contact burst on dry soal, the estimates of motion on the axis

directly beneath the burst are as follows (Reference 8):

d -n, 5/6 [ ..3/2 (22.4)

W 2/3 rR -2
v 2.5 ft/sec 1rT' 1 7

The peak stress associated with direct-induced ground shock zan be
estimated as foll.ows:

q-PCL v

where:

a Peak stress,

a Mass density.

CL a Loading wave velocity.

v a ?eak particle velocity.

13



The value C, can be estimated !rom laborator7 and lnsitu stZess-sr:ain

data or taken as approximately one-half the seismiC veIocitY in se0l and

so30t Xck. Typicall measured waveforms have been used to 4s-imate wavefz=-s

assoCiaed wit.h predicted peak :adial motion. The rise time (M.) to peak

velocity (or stress) can be assumed as follows (Reference 8):

SR12

where:

-r a Rise time.

R u Range.

C, - Seismic velocit7.

The positive or outward phase duration h:.) of the velocity pulse can be

estimat•ed as 1ollows (Reersence 8):

1 R R

The compressive phase duration Of the stress pulse may also be approximated

from Equation 2.19. The direct-induced estimates described are confined to

the axis directly beneath the burst. The motions of! the vertLcal ax=s,

especially near the ground surface, are strongly influenced by !u•rface

effects. The refinement to Include surface effects are -inconsistent with

observed data. However, even though conservative, it is recormended :hat

the equations shown be used for all other radials through the charge.

Shown in Figure 17 are estimated plots of peak horizontal displacement,

velocity and acceleration with range. The horizontal stress with range is

shown in Figure 18. :t can be observed that the horizontal stresses and

motIons !or direct-induced ground shock in the 600- to 2,000-foot range are

relat:vely small compared to the values !or the air-induced ground shock

case.
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2.4.3 Crater-?nduced Ground Shock.

From studies of ground motion resulting z::m high-explosi-ve and nuclear
Crate=irn bursts, Correlations have been identified between late-time crate:

formations and late-time near-surface ground motion.

2.4.3,1 Hol:Iontal DisplaceMent. The following equations are good

representations of peak horizontal displacements (dh) for above and below

surface charges (Reference 8):

0.45 V 4 /3

a

d h = p3 (above surface) 411..610

0..V4/3

dh R 3' (half buried and below surface) (2.21)

whe.-e:

dh - Peak horizontal displacement.

Va - Apparent crater volume.

Sa Range.

An exPrOssion was developed to describe the permanent hor-zontal
displacement (dhp) for aboveground, surface tangent spheres :-.at iZ
:epresentative for near-surface nuclear bursts:

0.2 v
dhp a R 3 a 2.22

:t has been observed that about 50 percent of the peak displacement is
:ecovered for a near-surface nuclear burst independent of ground material.

2.4.3.2 Hori:ontal Ve)'cjtv. An expression ..ast relates peak crate:-

induced norizontal particle velocity (vh) as a function of crater vol.ame
with.in a !actor +4 is as follows (Reference 8):

-2
- 0.01 (2.23)
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where:

Vh - Peak horizontal particle velocity.

Ce Effective wave velocity.

R a Ranqe.

ti - Arrival time of first signal from burst.

Va a Apparent rater volume.

The effective velocity (C.) 13 approximately equal to the seismic velocity

!or unlaYered sites. For our case, we shall assume Ce equal to the

seismic velocity.

A relationship that correlates riss time to peak horizontal displacement

and crater volume witlin a factor 15 is as follows:

t a . 1 -(2.24)

Vertical c:ater-induced ground motion analyses indicates ohat vertical

displacements, peak velocities, and rise time to peak displacement are

approximately the same as the corresponding horizontal values at the same

range.

?lots of peak horizontal displacement, permanent displacement, and

particle velocity for ranges of interest for this study are shown in

Tiure .

2.5 3HCCK 3SPECTRLM.

The elastlc shock spectra for the three ground motLons, i.e. air, direct

and crater induced have been examined. These spectra define the bounding,

.. aximum values of displacement, velocity and acceleration as a function of

the natural frequency of a single-deqree-ot-freedom (SnOF) system subýected

to a prescribed transient motion at the attachment point within a structure.

The :espcnse of the SCOF system to support montions is, of course, strongly

dependent upon both the physical character••tics ot the system and the

nature of the support motion. The input support motion at the attachment

point 13 assumed to be the same as that defined by the free-field

expresslons for displacement, velocity and acceleration which, of cou:se,

varies with distance from GZ.



Kmpiria&l methods have been developed where the internal shock spectrm

of a structure can be determined by amplifying the free-field motion values

ot dioplacemenz, velocity and acceleration. To develop the in:ernal s3hoc

spectrum, amplification !actors (Reference 13) for 5 percena critical

damping of 1.4, 1.7, and 2.1 for displacement, velocity and acceleration,

respectively, were used. These spectra ate very useful as preliminary

design tools and are otten applicable for final design purposes. For mo:e

precise values, a complex analysis is required, i.e. finite-element anal&'sis

of the structure located in, say, a soil island.

2.5.1 Air-Znduced Ground Shock.

The response spectra associated with the airblast-induced ground shock

are shown in Figures 20 and 21 for vertical and hor:zontal motions,

resspec:ively. The maximum free-field motions used to construct the spec:trm

were dete=L.ned by using Zquations 2.10, 2.11, and 2.12. The spectrum is

shown for %hree overpressure levels: 15 ksi, 10 ksi, and 500 psi,

corresponding to ground ranges of 600, 700, and 1,975 feet from GZ,

zespectively. The angle the airblast-Induced dilatational wave makes with

the ground surface increases with range f:om GZ, see rFgure 9, Haence, the

hori:ontal component of motion with respect to the ve:tical component also

inc:eases with range. The "K" !actors shown in Table 3 are ba.ed on range

(overpressure leve!) and were used to determine the free-lield horizontal

zompcnents of motion used in developing the horizontal shock spectra shown

in Figure 21. This helps to explain the Increase in hori:ontal displacement

with range, as shown in Figure 2%.

2.5.2 Direct-1nduced Ground Shock.

The type support motion in the structure resulting from direct-induced

ground motion -s essentially horizontal. Therefore, using the expressions

!or nori:ontal displacement, --vlocity and acceleration ;ivmn by

Equations 2.14, 2.15, and 2.16, respectively, for dect-•.nduced shock, the

maximum ralues were calculated and the spectral amplification factor

applied. The response spectra is shown in Figure 22 for overpressures of

15 ksi, :0 ki, and 500 psi, respectively. Note that the horizontal spectra

for the airblast-induced ground motion (Figure 21) is greater than the value

for direct-induced motion (Figure 22),
17



2,5.3 Crater-:nduced Ground Shock.

The .ree-field motions associated with iate-time, crater-induced ;round

shock are calculated using Equations 2.20 and 2.23 and a:e shown in Table 4

for five overpressure values. Crater-induced motions produce large

horizontal displacementst however, little acceleration is associated with

such motions. Under these conditions, the frequency content of the motion

is very low and In all probability less than that of any of the internal

components of a structure. The isolation of %he internal components would

therefore be easily achieved since masses on relatively stiff springs

undergoing small accelerations would generate very little displacement or

force i.n the spring, i.e. the components would simply "ride along" with the

ground motion. Because of the insignificant acceleration values, :esponse

spectza for crater-induced mAtions for our cases oA interest are essentially

acaesmic;.

2.5A4 Equipment rragility Level.

The fragility levels (References 6 and 3) of certain items of equipment

associated with communication systems are shown in Frgure 23 for both

vertical and horizontal motions. As can be observed for the class of

components shown (pipes, radio receivers, electrical panel boards,

batteries, air-conditioning units, and monitoring and control devices) and

!or frequencies ;reater than 3 Hz, the "sure safe" accele:ation levels range

froi about 7 to 20 g's.

:t is quite obvious by studying the vertical and norizontal response of

shock spectra shown in Figures 20 and 21, that the equipment described i.

figure 23 would require shock isolation in order to survive. for example,

assume we are interested in a radio receiver that has a natural frequency of

s0 Hz. r=m Fig'ure 23, it is observed that the "sure safe" accel.eration

level at 50 Hz is about 14 go's. :f this equipment was in a structure

located at the 500-psi ground surface overpressure range, the maximum

acceleration would be about 700 q's (well in excess of the "sure safe" value

of 14 go' for the equipment) and the peak displacement about 0.3 foot.

Because of the relatively small displacement (approximately 4 inches), the

desigr of the requi:ed shock isolation system is relatively uncomplicated.

IS



:f the equipment was located in a 3tZuCtu:s aZ :te 5,000-psi ground surface

overpressure level, the spectral displacement would be about 3 feet. The

shock isolation system would now have to consider notions up to 36 inches

which presents more Complications than the case when %he equipment was in

the str:ucture at the 500-psi ranqe. To= large motions it will probably be

desi:able to consider a shock isolated platforu on which equipment is

placed.

LM9



Table .. Ratio of horizontal to vertical sall
pressures (Reference ').

Ko, for Stresses Up to .,OOO P3.4
(690 •/:r 2 )

Soil Description Undxained Und=ained D Caned

Cohesionless soils, damp or dry 1/4 1/3 dense ./3 dense
1/2 loose ./2 Loose

Unsaturated cohesive soils of very 1/3 1/2 */,

stiff to hard consistency*

Unsatrated cohesive soils of 1/2 1/2 1/2
medum to satiff consastency*

Unsatura ed cohesive soils of soft 3/4 1/2 to 3/4 1/2 to 3/4
conei$teclyn

Saturated soils of very aoft %o s t
hard :onsistenyN* and cohesion- 3/4 Soft
less soils

Saturated soils of hard 3/4 to 1 1 1/2
consistency'

Saturated soils of very hard 3/4 ' 1/2

Roc k Ctain !:om tesats on rock Zo:es
and correlate wih saeismic data

*onisistency Definitions:

Unconfined Compression

Strenth - tsf (N/cm2) TGjtnar(m~~jtiL
Coan atanc

Very soft < 0.25 (< 2.4) < 2 (< 0.61

Soft 0.2f-0.50 (2.4-4.8) 2-4 (O.6-1..21

Med•um 0.50-1.00 (4.8-9.6) 4-8 (1.2-2.4)

1.00-2.00 (9.6-19.1) 8-15 (2.4-4.6)

Very stiff 2.00-4.00 (19.1-38.3) 15-30 (4.6-9..)

Hard 4.00-20.00 (38.3-1.91) > 30 (P 9.1)

Very hard > 20 (> 12.91)
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:able Z. Recommended ratios oi peak horizona*a 6o peak .er:±cal
ground shock components in :he superse3tiiC region
(Reference 1).

Homogeneous Laiered Si:es
Sites Wave Front Lane Time

Stress K K --

Acceleration :an aresin :anacin )s--

Veioc• :an (rcs :an (&resin C 2/3

Disp lacemen: :an (arcs in --

If tan(arcsin >) • , Ie: peas horizonal. component equal :he peak
ver:±ca. componlnt.

21



b Is 3 Ratios "I/ if peak horizontal :a peak vertical ground
shock components, superselamic re&ian !or a dr7,
silty sand.

Ground Overpressure (P ) Level, psi
Shock so

Component 15,000 10,000 51000 1,000 .500

Scross 0.42 0.45 0.47 0.5 ).3

t 0
Acceleration 044 .048 .067

Velocity .029 .030 .039 .0"j4 .1.00

Displacement .029 .030 .039 .074 .100

22



?able 4. Peak horzozntal displacement and velocity
!or crater-induced ground 3nocx

Peak Pe.
Ove:pressu:e Ho:rzontal Horizontal

Level iasplacement Veooci.y

psi ft ft/uec

.0,000 ,1.

5,000 1.4 0.7

:,000 .3 0.2

500 .. 0.I

23
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TYPCAL LEZMENS FOR HARDENED ANTENNA STRUCTURES

The hardened antenna struCtures will be buried flush with the ground

surface to take advantage of the favorable loadinq condition produced by the
interaction of the structure with the surrounding soil and the elimination

of sagnificant airblast reflections as no structural obtrusions will exist

above the ground surface.

In addition to placing structures to achieve favorable loading
conditons, efficient structural geometries and materials will also be
selected. flush-buried, silo-type structures are ideally suited to
effectively resist combinations of vertical and horizontal loading
conditions.

:n this section, we shaal describe ways of performing initial designs ir

sizing for a hardened structure to house antennae located at ground surface

overpresaure levels ranging from about 15,000 to 500 psi generated by a L-MT
burst. The elements of interest are the closurc, the silo and the base slab

to support the silo as well as concepts for liftinq the closure and

antennae.

3.1 SLAS-TYPE CLOS7•P$S.

A significant number of tests on closures have been conducted and

empirical equations have been formulated to describe the response of &

variety of closure t1ypes (References 1, 4, 7, and 11). An empirical shear

model for the static resistance of a stee 1 /Concrete composite :losuce 's
presented in Reference 2. For our purposes, the closure can be considered

to be circular or square and span a circular opening. The general

configuratlon of a composite closure is shown in Figure 24.

3.1.. Stat:c Resistance.

The static reAistance (P.) of tub-type closures using two different

equations is presented, The total equivalent thickness (D)e of the

composite closure shown in Figure 24 was determined by transforming the

thickness of the bottom steel plate to an equivalent thickness of concrete

(Reference 2),
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where:

&s - modulus of elastacity of 4teel.

*a = Modulus of elasticity of concrete.
f u Thickness of bottom steel pl&'e.

The modulus of elasticity of concrete (1s) can be reasonably estimated

(Reference 8) from the following expression:

cc a 33 w,-$ F. , psi (3.2)

where:

w Weight of concrete, lb/!t 3

e- Compressive strength of concrete, psi.

The static :esistance (Ps) can be dete.mined empirically for span-tc-

depth (S/D) ratios from 3.5 to 7, and steel plate thicknesses greater than

. percent of the span using the following expression (Reference 2):

4DI

• K S(3.3)

where:

V a Compressive strenght of contraee.0

K ( -2.7,) psi'-

The I percent requirement for the steel plate Is sufficient to provide

adequate confinement and subsequent increase resistance to shear, ror

values less than . percent, the shear resistance is reduced appreciably and,

hence, so is t-e static resistance of the slab. :f the confining steel is

Increased to 2 percent, there is about a 20 percent increase in resistance.

Using Equation 3.3, curves presented In figure 25 have been prepared

showing the static resistance of closures having the configuration shown in
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Figure 24. The curves were prepared !or three concrete se:enqths and have

been extended to a S/D ratio of 2 which somewhat exceeds the lower lim±it of

3.5 for the test data upon which Equation 3.3 was 6ased.

A study (Reference 16) examined a set of closures under static loading

conditions. A regression analysis of the test data was performed and the

followinq empi:ical formula was developed !or the static resistance (P.) in

kips/in2 :

P a 0.4 + 4.9 jj f + 2.3 jt'• f + 0.23 f (3.4)

where:

f - Yield strength of steel, ksa.

*s " Thickness of side plate, inches.

The equation is applicable for tae !ollowinq limits:

S3,5

0.001 b - andri < 0.03

36 kal, I f y 710 kui

3 ksl 4 f' 2 ksl

The Closure geometry shown in Figure "4 is also applicable for

Equation 3,4, :t should also be noted that Equation 3.4 is applicable for

deeper slabs than described by Equation 3.3.

Shown in figure 26 is the static resistance for tub closures based on

Equation 3.4. By using a high percentage of steel plate and concrete having

a compressive st:ength of at least 101,000 psi, it is possible to achieve a

static resistance up to 51,000 psi. This probably represents the upper

level of resistance for tub-type closures. To resist higher pressures it is

more efficient to use other configurations such as closures with integral

grids or other geometries to achieve an increase In strength.
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3...2 Natual Period.

The natural periods for any of the ,:.osures of InteOest, especia2.y the

:1.cxer ones, will be relatively small in Comparison to tie duration of te

airblast load associated with a !-WT detonation. We shall assume that a

square slab over a circular opening will behave very close to that of a

circular slab over a circular opening. Expressione have been developed

(Reference '3) for the natural per.od (Tj) of clamped and simply supported

circular plates as follows:

I 2wT•-Soors D2 ' 'sec (3.5)

where:

Z - Modulus of elasticity, lb/in2.

0 a Thickness of slab, inches.

0 N Mass density, lb-s 2 /in 4 .

S a Diameter of circular plate, inches.

Be a 11.84, first mode, edges clamped.

as a 5.9, first m•de, simple supports at edge.

Sa Poisson's ratio.

Assuming a compressive strenqth (!.) of concrete of 10,000 PSI, the natural

periods (TN) for different slab thicknesses and spans ACe shown in

Figures 27 and 29 for the cases where the edges are clamped (30) and 3imply

supported (Bs), =espect4.vely. FoX concrete, assume Poisson's :a%±o

to be 1/5 (Reference 21).

3.1.3 Ductility Tactors.

The ductility of stiff closures is important when considering the energy

absorbinq capacity of such systems. for deep reinforced concrete slabs

without bottom and side plates having span-to-thickness ($/t) ratios of

1.89, 2.6, and 3.5, the ductility factor varied from approximately 2 to 3

(Reference 1). The slabs responded in shear with the center portion of the

slabs being crushed, i.e, little ductility.
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for composite slabs. i.e. ceinforced concrete slabs having steel plate

botCms and sides, the response under load is a combination of shear and

meoan ac:o. n a test program (Reference 2.), :.ompo34te, ractanq-.ila:

closures over rectangular openings having clear S/0 ratios of about 2 were

evaluated. from these tests it appears that the ductility factor varied

from about 8 to 10 or perhaps even greater than !0.

For design purposes for %he tub-type closures considered in %his study,

we shall use ductility factOrs of 2 and 5 that should represent a

conservative range of values.

3.1.4 Effect of Strain Rate.

The strength characteristics of steel and concrete are dependent upon

strain rate and states of stress, i.e. uniaxial, biaxial and triaxial, :n

this section, we shall consider only the influence of strain rite. :f we
assuoe strain rate is a !-4nczLon of the natural period, say, %he peak strain

(0.002) is reached in a time equal to TN/4 , then a conservative stran :at#e

can be estimated (Reference 10).

:t is also assumed the period of the structure will be a value between

that for the clamped and simply supported cases. Strain rate values have

been estimated for 8/D ratoas of 2, 3, 4, So and 8 for three span lengths,

as shown in Table S. Also shown are the ratios relating dynamic to static

strength for concrete and steel based on Reference 10. For a.- st:ain rate

values greater than 10 in/in/s, an increase factor (UF) of 2 was assumed as

an upper !l-it.

3.1.5 Dynamic Analysis.

A dynamic analysis using an exponentially decaying airblast curve

(Reference 14) was conducted for a SDOF representation of the closures. The

static resistance P*.) shown in figure 5. and the average natural period

MTN) and dynamic strength :F's shown in Table I were used as inputs in %he

dynamic analysis. However for %he static resistance (Ps) for the 3/D ratio

of 2, it was assu.med that %he bottom plate thickness-to-span t(%/S) ratio 1s

approximately 0.015 to correspond more closely to Equation 3.4 (see

Figure 26). The static resistance is greater for higher strain rates

because of the increase in material strength. As the static resistance is



directly proportional to concrete strengtho t•e static resistance (P3) =an

!e multipl.ed by the strain rate :F to deterlne a revised static

:es~stance. Shown in Fig•ure 4 axe the peak ground surface air overp=r•osrUes

for a 0- and 500-toot HOB. Note that the 15,000-ps4 ground surface

overpressure occurs at 7round tanges of 600 and 700 feet, respectively, for

the 0- and 500-foot HOB's. The positive phase durations are shown in

riqure 5: note that the durations for the "0" HOD are about twice Vnat dzr

the 500-!oct HOB.

For design purposes the "0" HOB was selected. This means -f a structure

Was designed to resist 15,000 psi corresponding to a range of 600 feet !:r a

surface burst, it would need to be at a range of 700 feet, which is the

15,:00-psi level .z a 500-foot HOB. The large differences in duration !or

the two burst conditions affect the response very little as zhe durations

!or eoiter case are large with respect to the natural pzeiod of the closure.

Using ductility factors (g) of 2 and S, the results of the dynamic analysis

axe shown in Table 6. The results also compare favorably with zhose

when using response charts shown in Reference 12 based on a Brode-Spoeicher

airblas: Input loading. The results are also shown in Figures 29 and 30

that :elate S/D ratios versus allowable peak ove:pressure for a :-MT weapon,

HOB - 0, for ductility factors of 2 and 5, respectively.

3- Dearing ;apacity.

A dynamAc analysis of the composite slab closure was performed to

determine the dynamic reacticn o: shear load delivered to the 6earinq a:ea

at %he uppe: end of the silo. :t is this shear load that must be carried by

the bearing ring and dictates the needed bearing area for the closure. The

anal.ysis was adoe for a square plate either fixed or simply supported over a

zi:-ular opening equal to the inside diameter of the silo. The general

expression (Reference 5) for the dynamic reac:ion (V) for a square Plate is

as :ollows:

* 0.09 F + 0.16 R (3.6)
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where:

7 - Toal dynamic force, pounds.

S- Total resistance, pounds.

.he :ota2. dynamic force and resistance can be determined for the slab

closures described in Tabla 6. Since the time-to-maximum resoonse of the

closure 43 very short with respect to the duration, :he peak overpressure

(Pao) will be used in the calculation of the dynamic reaction (V).

Equation 3.6 can be more conveniently expressed as:

v - (0.09 P30 + 0.16 Ps)(2 Ro) 2  (3.7)

Equation 3.7 was developed for a square slab and will be somewhat

conservative for a ci:cular slab but adequate for design purposes. The

bearing stress for a ci:cula: slab can thus be expressed as:

(0 .0 9 s e 0 . 16 Ps1 (2 R a) 2pb .. .-e •2 (3.8)

The allowable bea:ing capacity (Pba) of the steel/concrete composite

closure is dependent on the concrete bearing strength, shear :es*stance on

the bottom plate, and the friction force between the uncrackoed concrete and

the side steel plate. The expression (Reference 2) for the allowable

bear-nq capacity is as follows:

P K I"*)1: ] *a+ W-..t LI K 4N)

o

be 2c' I. i

R



whore:

"= Compressive st:ength of concrete, psi.

K f fy/ft

Ri Radius of opening, inches; S - 2 R4.

O = aadius of closure, inches.

ts Steel thickness, inches.

D * Closure thickness, inches.

N. * zan 2 (45 + o/2).

R -O - .

- Angle of inernal friction.

,s= Coefficient of friction, steel on concrete.

:n Equation 3.9, the angle of internal friction for concrete ws) was

selected as 45 degrees and the coefficient of frcticin (as) was taken to be

0.6. These reasonable values are given as recimmendations (Reference 2) for

use if exact values are not available.

3oth Equations 3.8 and 3.9 are dependent on the value of R. which also

establishes the bearing width. Therefore, an iteration was performed by

varying the value of R. until the values of ? annd ba were equal. :n

determininq Pb , the resistance and overp3essuCe shown in Table i !or %he

a a 2 case were used. :n the dete=inatioa of Pba I a steel ts/S ratio of

0.01 was assumed as well as dynamic strength values of concrete and steel.

:t s3hOud 1e noted "hat for t./S ratios greater than 0.0.. the required

bearing width would be less for a given S/D ratio. shown in Figure 31 is

the required bearing width ratio as a function of $/0 ratio for joncrete

strengths of 5,000 and 10,000 psi, and for a t./S ratio of 0.01. The

analysis shows that as the 5/0 ratio decreases, the required bearing width

inc:eases rapidly with a bearing width of 17 percent of the span necessar7

for an 5/0 ratio of 2. ro: S/0 ratios greater than 4, It is shown that

•eai.ng widths less than S perc'nt of the span are acceptable. However,

Oased upon exper"ment~a data (Reference 9) and pract~caL purposes, : is

recommended that the bearing width be no less than 5 percent of the

span (S.
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3.2 DCME-TYPE CLOSURES.

oomes offer the promise of being an effective oiosure for sio-:ye

structures housing dished and telescoping whip-type antennae. Xechani:ally,

the dome can be designed in quarter sections that open like the Peta1s Of a
!lower. There are possibilities that the dome could be designer to shed

some of the load delivered to the silo supporting the dome. The

overpressure engulfing the top or exposed pact of the dome Is transmltted a%

the wave speed of the dome material to the reaction region at the top of the

silo. The air-induced ground shock then engulfs the dome at a rate dictated

by %he wave speed in soil. Hence, the soil-Induced part of the load arrives

at the reaction region at a later time at which the peak reaction load !frm

the direct-Induced aixblast has had a chance to decay.

For design purposes, it was assumed that the dome was made of reinforced

conc:ete and responded in a uniform compression mode. nitially, the do•e

will probably experience sone bending but on complete load enguifment wil.

seek a uniform COmpression mode of response. The load engulfment of the

dome closure supported by a silo and the idealized loading conditions

assumed !or design are shown in Figure 32,

3.2.1 Static Resistance.

The static resistance (Reference 9) of a reinforced concrete dome in

uniform compression can be expressed as:

P 1.7 f' - 2 pt fy)7 D/S (3.10)

where:

?a 0 Compression mode resistance, psi.

D a Thickness of dome, inches.

S a :nsLde diameter of dome, inches.

Pt - Total steel ratio based on gross cross sectional area.

f; - Ccmpressive strength of concrete, psi.

fy a Yield strenqth of steel, psi.
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The stat-c -as 3-stance (PC) for various S/D values, for concrete

strengths (ft) of 5,000 and 10,000 psi, stee. yield strenqth of i0,000 psi,

and a total steel ratio (pt) of I percent are shown in Fiqure 33.

3.2.2 ,4atural Peorod.

"The natural period of vibration (Reference 8) of a dome for the unifozm

compression mode can be expressed as follows:

" - 21 Tn(3--.-

*•her:s

0 - .Mass pe: unit volume of dome.

v - Poisson's ratio.

The natural periods for domes having concrete j:rengths (f) of 5,000

and .0,000 phi are shown in Table 7.

3.2.3 Effect of Strain Rate.

The strain rate effects for the dome-type closure are computed in a

simi.ar manner as was done for the sla"s. :* the peak strain (0.002) is

reached in a time equal to T•/4, then a conservative strain rate may be

estimated. Strain rate values have been calculated for the three dome

diameters, each for t'o concrete strengths. Also determined are the :atios

relating dynamic to static strength for concrete based on Reference 1.0.

Again, for all strain rate values greater than 10 in/in/l, an ZI of 2 was

assumed as an upper 1..mit. The strain rates of interest and dynamic

increase factors are also shown in Table 7.

3.2,4 Dynamic Analysis.

A dynamic analysis of the dome c€osure was next performed where the dome

was treated as a $DOT system. The previous calculations, .ncludinq static

resistance (PC), the natural period 'lT ) and the strength Ir were used as

inputs in the analysis. A ductility factor (a) of 2 was assumed. The

results are shown in Table S.
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The :esults have also been plotted in Figure 34 that shows the peak

overpressure capacity of the dome closure for various S/D ratios. :% ±s

probable that some type of steel domed Closure would be more sat3isactozr

than a reinforced concrete one. :f a reinforced concrete dome i.

considered, it is recommended that the inside surface be formed with steel

plates. For calculation purposes to determine the static resistance, the

thickness of the plate should be considered as an equivalent thickness of

concrete. The inside plate will not only serve as a form when placing

concrete, but also for attachinq studs to help induce confinement. A steel

framework would also be essential for a dome that is fabricated in, say,

!our equal quadrants so that it can open like the petals of a !lower.

3.3 M:LOS.

The loading of a buried silo is complex. The airblast load collected by

the closure is dumped to the silo walls (assumed to be concrete) in a short

period of time and the stress wave travels at roughly the speed of sound in

concrete. The load being transmitted through the soil surrounding the s.lo

travels at a speed approximately 1/10 to 1i/1 of that travellnq throu.gqh the

structure. At cross sections below the closure level, the time-to-maximum

response of the silo in vertical compression occurs before the hori:ontal,

hoop-type compression load arrives through the soil. During this early

:tme, the skin friction developed at the silo-soil interface will tend to

es6s3t the downward movement of the silo. After the soil stress wave

arrives, this procedure can reverse, i.e. the skin friction force caused by

the soil stress wave causes a downward movement of the silo. Hence,

Ait4.ally the silo responds in a vertical compression mode. At a later time

it responds to a combination of vertical and hoop compression ,hor:izontal)

modes causing a significant triaxial state of stress. Under such states of

stress, it is possible for the silo system to accept much greater loads than

possible !or uniaxial or biaxial states of stress.

:t was estimated (Reference 22) that maximum veCtical. Atrai.L Occurs At a

level approximately equal to 40 percent the length of the silo !or the silos

investigated and for the overpressure& considered. Based on this

observation, a section 5 feet from the top of the silo was selected for

design purposes.



3.3.1 Stati.c Resistance.

"The static resistance of a silo will first be calculated for axcial

compression and then for hoop compression. Zt is anticipated that !or most

cases if the silo can withstand the axial forces it will probably also

resist the hoop compressive forces.

3.3.1-. Ux.al (Veetica&) Comaression. Since the overpressure reqion of

interest is superseismic, it is reasonable to assume a static overpressure

(PS) that interacts vertically with the silo. Based on this assumption, the

expression !for the static resistance (P ) for an unlined silo is as follows:

P M I (3, . )
5 $

where:

fa a Compressive strength of concrete.

S - Inside diameter of silo.

t a Thickness of silo wall.

The static resistance (P.) has been determined for various s/t ratios

and concrete strengths (!c of 5,000 and .0,000 Psi, see Figure 35.

The resistance of the silo can be enhanced by including an internal

stee/ i1ne:. Th.s ýiner also helps to rest.ain or confine the silo which in

turn also increases the resistance. The axial static resistance (Ps) •:r a

silo including an internal steel liner, is expressed as follows:

f I I3 .'-31f
s'] tn [ he se i ne.

where a is the thickneo& of the steel liner.



using this equation, the static resistance has "een determined and shown

4n Figure 36 for various S/t ratios, for concrete strengths of 5,000 and

10,000 P5i, and liner-to-wall thickness ratio* of !/32 and 1/54 as shcwn r4

rFqu:e 36. AlSo, the yield strength (f y) of steel was assumed to be

60,000 psi.

The resistance of the silo can be enhanced even more by including both

inne: and outs: steel liners. The axial statLc resistance (P.) for a silo

having both inernal and eaternal steel liners is as follows:

t
fS I [. . 1 r,1 (3. 14)

Shown in Figure 37 ia .he tat~lc vesiatance of silos with internal and

external liners. it can be observed by comparing Figures 35, 36, and 37

that steel liners enhance appreciably the static axial load-carrying

capacity of silos.

3.3.-1.2 Heooa ýHorzontal) Compression. It will be assumed based cn

experimental observations that the silo behaves in a hoop compression mode.

The static :e§Sstance (PC) of an ulndso for a uniformally applied

inward loadinq is as follows:

where Ihe terms are the same as shown in Figure 35.

The sa&tic resistance (P.) in hoop compression was determined for

vazious S/t ratios and concrete strengtns (!,) of 5,000 and 10,000 psi (see

Figure 38).

If an inner steel liner Is used, the hoop resistance of the silo

including the influence of the liner can be estimated as follows:
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2 S

using %his equation, the static resistance has been determined !or

various $/t ratl.os, concrete strength& of 5,000 and r0,000 psi, and steel

L.,er thicknesses (a) of 11/64 and 1/32 as shown in Figure 39. The yield

strength of steel was assumed to be 60,000 psi.

:f Inner and outer liners are used, the hoop resistance can be estImazec,

as !oi1ows:

S - 2. .3 17

Using this equation, the static hoop resistance has been determined and

is shown in figure 40. :t can be observed by comparing Figures 38, 39, and

40 that steel liners enhance the static hoop resistance of silos.

3.3.2 Natural Periods and :nfluence of Strain Rate.

Presented are expressions !or the silo acting in axial compression and

4n hoop tompression modes. These modes should be reasonable for the axial

load caused dizectly by airblast and the horizontal loading induced by soil

stress. Also presented is the influence of strain rate on concrete strength

for both modes.

L1,2_1 Axial (Vertical) Comoression Mode. The natural period

(Regerence 9) in axial compression can be expressed as follows:

T - 30vfl sec (3.M48)

where:
I a Lenqth of silo, inches.

9 a Modulus of elasticity, psi.
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Shown in Table 9 is the natural period in axial compression for a Ailo

having different lengths and concrete strengths (f?) of 5,000 and

,0,000 psi. Also shown is %he strain rate and cor:espondinq dynam.c-zo-

static strength ratio.

3.J.2,2 .oop (Horizontal) Comoression Mode. The natural period

(Reference 8) in the hoop compression mode is expressed as follows:

T a 2w (3.

where.:

'7 - weight density.

S a Znside diame*ter.

E - Modulus cf elasticity.

q * Acceleration due to gravity.

The expression is for ci:cular rings where the thickness is small

compared to tle radius (S/2). The periods in hoop compression for silos

having various diameters (3) and concrete strengths of 5,000 and 10,000 psi

are shown in Table .0. Also shown is strain rate and vie cor:esponding

dynamic-to-static strength ratio. ror S/t values of 2 and 4, the calculated

periods using Equation 3.19 are in error by 25 and 16 percent, respectively.

As the calculated periods are very small with respect to the duration time

of the load, the error in the period is insignificant for response

predictions.

3.3.3 :nfluence of State of Stress of Concrete.

Concrete is used primanriy for its Compressive strength cha:ac:erist.Ic3,

hence, the uniaxial compressive strength )(f) is an important factor in

defining the strength of concrete. However, when considering the response

of buried silo-type structures, the influence of a triaxlal state of stress

is significant. The Increase in load-carryinq capacity under trLaxial

conditions can be significant as demonstrated by the normalized trlaxlal

compression data shown in Figure 41.
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For :he b.axile. state when *3 - 0 and 02 = 0.291 , it can "e otse='ed

:hat the non.al Compressive ItZess, 01 , is about 30 percent greater than

the compressive s3:engh of concrete (ar- f11. For shighz inc:eases i .

the value for 01 increases appreciably. Unde: triaXial states of stress

the behavior of concrete is much move duoctle than under uniaxial or biaxial

states of stress; hence, the energy absorbinq capacity of the material is

also increased.

:f we consider a ho~izontal section of a silo below the closure, the

directly transmitted shock through the structure will arrive before the

airblast-induced ground shock. Ouring the lag time between the arrival of

%he two shock fronts, the induced st:esses in the silo are caused =;a by

the shook directly transmitted through the structure. However, even !or

this case, steel liners and reinforcing steel in the silo can create a

confined condition that should produce a beneficial state of stress thereby

increasing the load-carrying capacity of the silo. When the horizontal

component of the ground shock arrives, it couples with the directly Induced

stresses in the concrete silo causing a much more beneficial state of

stress. Both of these conditions are discussed in the following sections.

A section 5 feet from the top of the silo was selected for design purposes,

see Section A of f•gure 42.

3...3.i Oixectlv Transmitted Shock through Silo Only. The silo under this

condition is loaded only by the directly induced shock through the

st:ucture, i.e. the airblast-induced ground shock has not yet arrived at the

section of interest, Figure 42 (t - tj). hlso, if Inside and outside steel

liners are used, the stress wave will travel faster in the steel and arrive

at Section A before the stress wave travelling through the concreta

sandwiohed between the two plates arrives. This should tend to Induce

horizontal compressive stresses in :he concrete at Sect'on A. The stress

wave in %he concrete arrives a snort time later (less than about 1 ms for

the structures considered In %his report). The axg l compressive stress

(cq) induces a Lhoa• compressi3V stress (b2) based on Poisson's ratio Wv.

The strain in the radial direction is constrained by lateral rebars (tIes)

in combination with the steel liners If they are present as well as the

so



passivs action of the surrounding soil. Hence, %he radial stress component

(93) can also be in compressicn. Thus, if the three components of stress

are 1n compression, a favoran.'e condition exisVs, see Figure 42.

Based on Reference 2, the confinement provided by hoop steel In circu•ra

columns can increase the axial compressive strength up to, say, 40 percent,

depending on the amount of confining steel. :f inner and outer steel liners

are used In conjunction w.:h confining steel, the axial compressive st:ength

will even be greate: (Reference 2). From calculations made for the case of

rigid line:r, it was found that the axial strength for thick-walled ui!os

was increased by a factor greater than four. For design purpose, we will

assume the following conditions for the three silo geomet:ies of interest:

Silo with no liners, 1i - 1.2 or (3.20)

Silo with inner liner, Ol " 1.5 Or (3.21.

Silo with inner and outer liners, #I - 2.0 or (3.22)

where ag . , see Figure 41.

3.3.3.3 DAiecitv Transmitted Shock through Silo C=ucIed w•th Aigblast-

:nduoea Oroun• Shok. t� should be noted that the relationships shown in

Figure 41 are based on the following assumption:

@21 > 02 > 03

Depending on the ground range from GQ, i.e. ?s from 15,000 to

500 psi, various combinations of stress can exist. For example, if the

radia soll stress is greater than the I" stress shown in Figure 42, then

the following CelatiOns3hipS are possible:

11 " 0hoop

V2 " #radial

03 = Oaxial
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:f :he XiAI3 stress is greater than the radLal soil stress, the !ollowin

relationships are possible:

01 - Ohoop

02 U faxial

03 W0radial

Shown in fiqure 42 at t - t2 is the arrival of the airblast-induced

ground shock loading at Section A. The horizontal component of this seol

tress creates a fairly uniform radial stress at this section, Also at %his

time, the shock front in the concrete silo has probably reflected off the

bottom, travelled upward, and may have even passed Section A, depending on

the length of the silo. Regardless, the peak I compressive stress has

had time to deca?,.

To determine the t:iaxial state of stress fýzr Section A at t 0 t 2 I t:e

axLal load on the silo at that time must first be calculated. The axial

load at time t = t 2  was found by evaluating the expression for

overpressure, p(t) , with time using the following relationship from

Reference 8:

-U? -P7 -
p(t) - ?so (I - r) (ae O be- c0 ) .3.Z3)

Shown in Table ." are the ground surface air ove*parssu3U, p(t 2 ) , a: a

time equal to f2 for overpressure levels ranging from 15,000 to 500 ps3

determined by using ZquatLon 3.23. Having determined the peak pressure

acting on the silo at time t 2 , the Axial stress at time t 2  is determined

by the following expression:

[ 2 - S
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Shown in Tigures 10 throuqh 14 are notmalized vertical stresses (a%,

w-;h depth for the linearly elastic case (r - 1) and the linear Loading case

with no recovery (r - 0). The actual stress is 1ez'ween the two values ana

for our calculations will be assumed to be the average of the two cases.

The horizontal or radial soil stress is determined from the following

relationship:

Oradial O z (3.25)

from Table 3 and for depths up to, say, 20 feet, a reasonable and

average value for k is 0.42 and has been used in determining the radial

stress.

The •R• C ompreslive sres5 s related to the radial st:ess as fo0'ws:

hoop t

Shown in Tables 12, 13, and 14 are the relationship of 01/61 and 021or

based on figure 41 for peak ground surface overpressure levels of 15,000,

10,000 and 5,000 psi, respectively. Equations 3.24, 3.25 and 3.26

describing the axial, r and = stresses were used in the development

of the tables. for design purposes, it is believed :easonable zo use the

following values:

,/or- 4 - 02/Or (3,.2)

The effective duration, At , of the a4a! stress before engulfment of

the radial stress can be determined as follows and is shown in Table 11:

At 0 - - t 2  (325

where:

5 ft: x Q3
, a 5 ft C13- 0.5 ms
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5 ft x 103
•2 - ZL

3.3.4 Si4ewall F:icZ.ion.

The increased load-carryinq capaci.ty of the silo resulting f:!m sidewall

friction has been calculated. lo has been determined that the increase is

negligible in comparison to the loads the silos are expected to res~s". F:r

example, a 10-ftot silo will generate only about I psi and a 20-foot silo

only 2 psi in sidewall friotion. Therefore, the effects of sidewal.

friction in the analysis will not be considered.

3.3.5 Dynamic AnalysLs.

A dynamic analysis was made using a SDOr representation of the buried

silo in axial (vertical) and hoop (horizontal) compression modes. The

response was determined ftor silos having S/t ratios from 2 to S. The static

resistances (P. and P.) shown in rigures 35 and 37, the natural periods (TN)

and the dynamic Zrs' shown in Tables 9 and 10 were required inputs in the

analysis. The response of the sDOr system was made for two conditions:

before and after radial soil engulfment, with the critical condition being

before. The analysis was made !or the unlined silo, the i steel lined

silo, and for the silo having both inner and outl steel liners. :n all

cases, the steel liner thickness (a) was assumed to be 1/64 of the concrete

:hickrness (t). A ductility fictor (it) of 2 for the elastic-perfectly

Plastic system was assumed.

3,3.5.1 Axial (Vertical) Comnress Io Mode. The analysis of the silo at

Section A in axial compression was made for the case before soil engulfment.

:t should be noted that the silo will be strengthened significantly after

.he engulfment, thus greatly increasing its load-carryinq capacity.

Response charts have been developed (Reference 12) by numerically

tnteqgating the nondimensional equations of motion for the undamped SDCF

model. The input loading used in developing the charts was an analytical

approximation to the actual nuclear burst. The duration associated with the

loading is dependent upon the wave speeds in the soil (CL) and concrete
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(Cc). A value of 10,000 !t/s was used as the wave speed ir the concrete

(CC). For calculatIon purposes, values of CL of 800, 750, 700, 650, and

600 ft/s were used at overpressure ranqes of 15,000, 10,000, 5,000, 1,0CC,

and 500 psi, respectively.

The :esults of the analysis are shown in Tables 15, 16, and 17 for the

unlined-, single- and double-lined silos, respectively. The results are

presented graphically in Fiqures 43, 44, and 45 which show more clearly %he

benefits of the steel liners.

3.3.5,2 hooo (Horizontal) Compression Mode. Shown in Figures 1'0 through .4

are normalized vertical stresses as a function of strain recovery (r) and

overpressure with depth. These figures, coupled with Table 3 which relates

horizontal to vertical st:esses, define the state of stress for a section of

the silo. For consistency with previous calculations, an F has been chosen

and used for all overpressure and S/t ratios. For this section, a Iaczor af

4 will be used. for analysis purposes, a recovery ratLo of 1/2 and a depth

of 5 !eet were chosen. A dynamic analysis was performed on the silo in hoop

compression to determine the silo's capacity to resist horizontally applied

loads. The radial (horizontal) capacity of the silo is desotad by aradial

and is related to the vertical stress (w.) by the k factor given iAn

Table 3. :n this section, k will be assumed constant and equal %o 0.40. A

relationship between qs and hso has been determined via Figures 10

through 14 and shown as follcws:

Ua 87 s

The results of the analysis are shown in Table 18 and are also shown

graphically in Figure 46.

3.4 SASE SLAB.

Generaliy, the base slab is an integral part of the silo system and as

such is designed to withstand the shear and bendLng loads imposed by the

silo as well as the vertical soil stresses induced by the punching actIon of

the soil. FOr desiqn Purposes, the configuration used for the closure will

as



also be adequate for the base slab. The only difference would be the

detailing of reinforcing steel to provide sufficient moment and shear

transfer at the silo slab intersection. Also, sufficient CeinfoZ;ing steel

should be placed in each !ace to maintain the integrity of the slab with the

silo. An alternate concept that might prove beneficial for a communizations

structure located at overpressure levels greater than 5,000 psi is a

floating base slab. The acceleration and motion imparted to the floating

slab would be significantly reduced compared to that for a rigid slab.

Thus, the floating slab Itself helps to serve as a shock isolation system.

However, before such a concept could be considered it would need to be

checked out by conducting model tests in the field in a simulated nuclear

blest environment.

3.5 LIFTING X•CHAN:SM CONCEPTS INCLUDZNG LOADING CRZTERIA.

Discussed in this section are the general power requirements to lift the

slab and dome cIosures. Shown in Table 19 are the design ejecta depths

associated with different overpressure ranges from GZ, lIfting s3tke

requirements, the effective resistance force (weight of closure, eoecta and

shear resistance of soil), and horsepower requirements based on a travel

rate of I ft/mmn for both slab- and dome-type closures. Shown in Figure 47

are the power requirements associated with various ranges from GZ. For

practical purposes, a minimum value of 3 hp will be assumed. Li~ting

concepts for slab- and dome-type antennae structures are di±cussed in the

following sections.

3.5.1 Sla•b-Type Closures.

Two basic concepts for lifting or moving slabs were considered. For

overpressure ranges, say, less than 2,000 psi whoere the anticipated e!ecta

thickness is a little more than I foot, the slab closure can be moved

horizontally. For overpressure ranges closer to GZ where eaecta thicknesses

up to 4 feet are anticipated, concepts to raise the closure vertically have

been considered. An Interesting study (References 17 and 18) was conducted

that evaluated 11 diffe:ent closure concepts for missile silos. After

various evaluations, including some simple mcodel studies, it was concluded
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that the rise and rotate and sinqle-hinge concepts offered the most prcmise.

For both of these concepts, the actuators and other mechanical systems :c

lift and rotate were located external to the silo. For slab C1osures for

antenna structures it is believed the rise and rotate and sliding concept

offer the most promise. The lifting and/or pushing mechanisms can probably

be located within the structure for both concepts. The concept for lifting

and rotating the closure are !or the deeper ejecta depths, whereas the

sliding concept is for ejecQta depths less than I foot.

3.5.2 Lifting Mechanism Concepts for Dome Closures.

The dome-covered hardened structure makes it possible to develop an

interesting concept for dished antennae Systems. For an actual design the

hemispherical dome as shown in this report could be supplanted by a more

"bullet"-shaped closure. However, the design concepts and relative costs

described in this report should be adequate for different shaped domes as

well. The dome structure is probably better suited for high-overpressure

levels and the sliding slab-type closure for lower overpressure levels, The

concept for lifting a domed closure is shown in Figure 48. Note that this

concept is based on a dome that unpeels like an orange in four pieces. The

dome system also has the advantage or option of being completely covered by

soil. :! A camouflaq4d site is desired, the dome structure is well suited.

The dished antennae rides on the lifting mechanism and is directly beneath

the closure. After te closuro has been raised and the dome opened, the

antennae can be raised or operated in pbace. Zstimated rattlespace require-

ments for the internal support system are also shown in Figure 48.

3.5,3 Lifting Xechar4ism for Antennae.

The lifting mechanism for the various antennae of interest is relatively

straightforward. The same power supplies that operate the lifting

mechanisms for the closures can Oe used to operate the antennae after the

Closures have been opened or moved.

87



3.6 SPACE REQU:P.4ENTS W:TH:N A HARDENED CoMM:C:cAT:oNS STRUCTURZ.

Not only must the facility contain the racks housing the receivinq and

transmitling equipment necessary for communication, but the supporting

equipment as well. The supporting equipment includes the alternate pewer

supplies to operate the lifting mechanisms for both the closures and

antennae and to operate the comunication equipment. :t is assumed that two

hardwized lines enter the structure to provide power; however, if both lines

are lost during an attack, two alternate power supplies will be available,

i.e. batteries and a motor generator. In addition, air-condit!.oning is

required to maintain a proper enviromment for the communioations equipment.

Also, a sump pump may be needed to keep the structure free of standing water

should rain be a problem. Shown in Table 20 are general requirements

(provided by Mr. James D. Cooper of the DNA) for three different types of

communications terminals.

3.6.1 Design and Operational Assumptions.

The following design assumptions have been made that influence space and

operational requirements within the structure:

1. Hardwire power will he available from at least one source,
preferably two.

•. Backup battery power will be available to operate the closure
system and erect the antenna with a capabillity to operate :he
communication equipment for about 7 hours. The motor qenerator
will take over when tV2 ilosure is opened and the antennae erected:
however if the 7enerator !ails, the batteries will continue to
operate the communication equipment.

•. A backup motor generator will be available and designed for propane
operation (first choice) or diesel (second choice). The system
will be desi;ned for two options, i.e. the first considers
operation for one week, tne second for one month. The system w-11
be provided with means to supply fresh air for combustion and
removal of exhaust gases and heat. Generator to be started afte:
opening and erection of antenna.

•. Communication equipment requires only reasonable over-under voltage
protection (not sophisticated regulation).

1. A logic circuit in the control sstem will be provided to take a
normal path if the generator starts and an emergency path if the
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generator does not start or fails sometime after starting so :nat
the battery power can be reinitiated.

*. Batteries must be provided with means to remove gas (explos0ve)
given off during charging. This must be provided while %he silo is
closed as it is assumed that the charging will be done by the
hardwire power source.

H. Most of the temperature contzol can be provided by instaling a
heat exchanger in the soil (or rock) near the bottom of the silo.
However, this does not include the generator exhaust and,
therefore, fans must be provided to exhaust generator gases and
heat. Squipment can be grouped and air-cooled as requi.ed.

h. ?ressure switch At surface with programmable delay will put :te
system into operation unless cancelled by hardwire control. Thus,
if hardwire is lost due to a nearby explosion, the system Will
deploy.

A. A carrier current system can be used effectively on the power
hardwire if distances are not excessive. This will allow control
signals to be sent to the silo and condition of components ISsIde
to be measured and telemetered on the powerline. For example,
battery voltage, temperature, humidity, and results of equipment
exercising data can be obtained.

3.6.2 Layout for One-Week Operation.

A layout for a one-week operational period is shown in Figure 49. :n

this configuration, an attempt was made to minimize the interior diameter of

the silo. The equipment is packed within A space 8 feet in diameter and

23.6 f•eot hqh. The layout was also based on the lift or break out

situation described in Figure 48 for a domed closure configuration. The

form for a slab closure configuration would be very sImMlar. The space

configuration is based on the assumption that approxImately 60 !t 3 of

batteries are required and that the propane fuel tanks (2 feet In diameter

by 3 feet long) zontain 70 gal of !uel per tank and that "e 1uel is

qxpended at a rate of 2-1/. gal/h. The motor generator and hydraulic pump

system each occupy a 4- by 2-L/2- by •-foot space. Each communication

eq-ipment rack occupies a I- by 2- by 2-1/2-foot space. The control panel

!or the equipment, the battery charger, switch gear, battery Inverte:, ai:-

conditioner, and exhaust fans are not shown on the drawings. However, i: Is

believed there is ample space for locating these items as well as hydraulic

and electrical lines In the remaining space shown in figure 49,
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3.6.3 Layout !or One-Month Operation.

A laycut !or a one-month operational period is shown in Fig•ue Y. Note

t tis conf•guration is based on a space 10 feet in diameter by 1.9 fee%

high. The 2-foot increase in diameter over the space shown in figure 49

makes it possible to pack the equipment for a one-month operational period.

:! the conf•guration shown in Fiqu:e 49 were to require operating for one

mon:h, the stack would increase from the 23.6 feet shown to about 32 Set,

or about twice the length for a 1O-foot-diameter stacking arrangement shown

in Figure 50.
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Table 7. Strength increase ratios due :o strain rate for
dome-type closures.

Concrete Natural Strain Rate Dynamic to Stat•c

Span Strength ?ertod 2. L Strength Ratio f:F)Tpa 1, T1T4 Concrete Steia

S cN Nf/,/
in psi me in/in/s d/c 'dy/y

144 5,000 2.3 3 1.5 1.5
10,000 1.9 4 1.6 1.6

96 5,000 1.5 5 1.7 1.7
10,000 1.3 6 1.8 1.8

48 5,000 .75 11 2.0 2.0
10,000 563 13 2.0 2.0
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.able 9. Strength increase ratios due to strain rate for
silos in axial compression.

Concrete Natural Strain Dynamic to
Length Strength Period Rate Static Strength (IF)

ft psi ms in/in/s Ratio

10 5,000 5.45 . 1.4
10,000 4.62 2 L.4

15 5,000 8.18 1 L.4
10,000 6.93 2 1.4

zo 5,000 LO.9 .7 1.4
10,000 9.23 1 1.4
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:able 10. Strength increase ratios due to srain rata for
silos in hoop compression.

Span Concrete Natural Strain Dynamic to
(S) Strength Period Race Static Strentih (EF'
fr psi me Rat/i/s Raco

4 5,000 1.09 8 1.9
10,000 .92 9 1.9

8 5,000 2.18 4 1.6
10,000 1.84 4 .6

12 5,000 3.27 2 1.4
10,000 2.76 3 1.5
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Table 20. Representative requirements for three different
communications terminals.

Communications Terminal M.ilstar DSCS AHF

Number of Racks* 2 3 2

Terminal Power (kw) 5.0 9.0 3.0

Coo•.ing (Stu/h) 17,070 30,726 t0,242

Weight (.b) 67C 1,200 700

Antenna Size 26-in dish 60- to 96-in dish whip

Zach equipment rack is 2 by 2.5 by 7 ft. Racks may be configured in
any mode, e.g. vertical/horizoncal that is consistent with the canister
design.

rhe terminal power escimate provided does not include power required
for air circulation/exhaust for cooling equipment or for air circulation
for a local power source.

108



*...,. : •?h . ".' **.'* •.:' ," ' .° . .' *,,, :..'..*~. . *' * , *.. .' ..' : ..'

CONFINING .O* .,,,.. . ',
C.NCRrr,. '. ..... . . ... .. *.,

RING - '.. ..* :. ,,I : • :'• " ¢ .',. . * ',' , ,. ; , .' ,* , *• ' * '. . . . . e ' ' * *,• . ' .,

"SUPPORT loop BOTM"' "REI NO

I PLATE -.---.--.I SURFACE

Fiu: , , 24. Composite .tub-type .o.ur. (Refer, 3).
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a. Ground surface airblast load

P

b. Assumed load distributioQn

Figure 32. Load engulfment and assumed loading
for desiln of dome-type closure.
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Stress Waves at t t- 1  Stress Waves at t t 2

C L

N II c1 ý
a tJ2 '-I

•axial ' •
CL

arad ial 
'h o
•hoop

Section A at t t Section A at t t

Prior to Soil Stress Arrival of So.lWave Engulfment St-ess Wave

Figure 42. Direct-induced airblast and airblast-induced ground
hock enSulfment of silo.
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$ECT:ON 4

RELAT:VE COSTS AND TWAE-CTFS

?resented inl this section' are relative costs for the family Of Silo$

considered versus range and overpreusure for a 1-MT surface burst. The cost

a&e not intended to represent true totals for a complete system but

suffiicent so that trade-off stt4des can be made to determine %he best

selection of combinations of silo structures for minimum cost.

4. 1 RELATNVZ COST Of SI'$LO ELEMENTS.

The eastmatea have been determined using construction cost data

(7eeoence 15); however, these are not total costs. The cost of real

estate, site preparation, excavation and backfill have not been included.

N.so, the cost of conmmunication equipment and shock isolation systems have

not been Included. The cost does include concrete, concrete placement,

forms, reinforcing steel, steel plates (rolled, machined and welded a4

necessary) and the lifting mechanisms to include the power supply. The unit

costs of the steel plate based on site configuration complexity, machinInq,

and fabrication were provided by Mr. E.C. Loflin who has had cons•derable

experience in such matters with the Harathon-LeTourneau Company. The powe:

requirements for lifting the closure In most cases also satisfies the power

requirement for operating the omunicatiaon equipment.

4.1.1 Slab Casts.

The cost of in-place concrete (4 - 5,000 psi) Is estimated at $300/yd3

and the cost of machined, rolled and welded plate as shown in Table 2L. The

volume of concrete, weight of steel and cost of slab closures for use at the

15,CC0-, 10,000-, 5,0C0- and 3OC-psi overpressure levels are shown In

Table 21. The relative coat of the slab closure versus range 1s shown n

figure 5..

4.1.2 Dome Costs.

The cost of In-place concrete (f. * 5,000 pSI) is estimated at 5350/7 3

and the cost of machined, rolled and welded plate as shown in Table 22. The

volume of concrete, weight of stoeel and cost of dome closures for use at the

136



15,000-, 10,00C-, 5,000- and 500-psi overpressure levels are shown

Table 22. The :elative cost of the dome closure versus 3rare is shown A

Fiqu~e 52.

4.1.3 Silo Costs.

Two lenoths of silo will be considered, i.e. 10 and 20 feet. The cost

of in-place concrete to include any formwork and reinfarcing steel for the

silos is estimated at $450/yd3 . The coat of the machined steel bearing

plate is $1.65/lb. The cost of the rolled and welded inner and outer steel

liners is shown in Table 23. The volume of concrete, weight of stoeel

bearing plate and weight of stoeel liners as appropriate for the various

overpressure levels for silo lengths of 10 and 20 feet are shown in

Table 23. The relative cost of the 10- and 20-foot-lonq silos versus range

is shown in Figure 53.

4.1 4 Bass Slab Costs.

ft is assumed that the base slab will have the same general dimensions

as the slab closure. It will be assumed that the base will have one cove:

plate when liners are used with the silo. The cost of in-place concrete is

es:timated at S350/yd3. The cost of the stoeel cover plate is estimated at

81.63/lb. The volume of concrete, weight of steel cove: plate and cost of

base slab for the 15,000-, 10,000-, 5,000- and 500-psi overPresaure 1evels

are shown Ln Table 24. The relative cost of the base slabs versus range is

shown in Figure 54.

4.1.5 Lifting Mechanism Costs.

The size of the hydraulic loading rams, power requirements and costs to

!if% slab and dome closures are shown respectively in Tables 25 and 26. The

stroke and power requirements are based on the thickness of eoecta the

closures must punch through. .'Aown mn Figures 55 and 56 are the !o0:s of

the lifting mechanism lot slab and dome closures, respectively, versus range

for 4-, 8- and 12-!oot-diame:er silos.

4.1.6 Uelative CJs~t of Silo Systems.

lased on the results of the costs of individual components, the relative

cosats of completed slab- and dome-type structural systems are shown in
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;igures 57 and 58, respectively, for silo lengths of 20 feet. Even thougn

the dome closure system provides some additional, usable volume, the silo

length of 20 feet was used in dae.-nmining the total relatlve costs. t:

should be noted that the cost of roal estate, site preparation, excavat;on

and backfi:., communication equipment, and shock isolation systems have not

"oen included.

4.2 THREAT SCENARAO FOR HARDENED COMMUN:CATION SYSTEMS.

Oepending on the system o0 interest and a postulated attack scena:io, a

planner should be able to use the information in this report to make

decisions on how hard an antenna structure should be aad !.I there is merit

in consideting wo lesser hardened structures instead of one relatively

hazder structure.

4.2.1 Redundancy.

The hardened antennae structure may serve one or several facilities

depending on the functional nature of the communication system of interest.

:t is conceivable that for a single comunication system, two hardened

antennae str:uctures could be considered. Likewise, more than two hardened

antennae it:uctures could be considered for a system of communication

facilities. The selection of a redundýnt hardened communication structure

will depend on the importance and/or hardness level of the primary

cormunication facility. :t is also possible that two structures at a lower

rated hardness level have a better chance of survival that a single

structure rated at a much hýgher level.

4.2.2 Hardness Cost Trade-0Zf:.

Shown in Figures 57 and 58 are the relative construction Costs of

several silo structures, including the cost of power supplies And lifting

mechanisms to open closures and raise antennae.

For example, assume a structure with a dome closure, see Figure 58 for

:eiatuve costs. Based on practical limitations of space requ;:ed f!r

equipment and rattlespace, the inside diameter of such structures will moat

likely exceed 8 feet, bee Figures 48, 49, and 50. Observe that thu

rattlespace requirements a4t the high overpressures are appreciable.
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Therefore, for example purposes based on rea.istic assuznpti4ns,

deter.mne the cost of one dome closure structure th& is 12 feet in diamete:

and 20 feet long and located at the 15,000-psai overpressure level. F::m

Figure 58, the relative cost of this structure is about: 8530,000.

Compare this with the cost of two 12-foot-diametIr s3t:uctues that are

20 feet long (actually the comparative dimension would be Less because the

rattlespace is less) and located at the 5,00-psi overprejsu:e level. Again

from Figure 58, the relatLve cost of two structures is abo.t: 2 x $:80,000

- $360,000. Consequently, the construction cist of building two structures

at the 5,000-psi range (890 feet from GZ) is a&,out $170,000 -eso than

build.ng one s3tucture at the 15,000-psi range (600 feet from GZ). The

estimate, cost of excavating and backfilling for each structure would be

about $15,O30. Hqnce in this case, if the cost of the communication system

is .ess than $150,000, two structures at tne Lowe: overpressure LeveL could

be built foo the prica of one structure at the higher overpressure level.

The cost of the shock isolation system for the structurs a% the 15,000-psi

level is assumed to be about the same as the cost for the shock isolation

systems for the two structures located at the 3,000-psi pressure level.

Based on the information shown in figures 57 and 58, a planner should

not only be able to develop estimates showing the relative costs for

hardening antennae structures, but also be able to prepare a realistic cost

estL-ate for the facility.
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SECTION 5

DISCUSS:ON, CONCLUSIONS AND ECCHMMENDAT:CNS

:n this section, the discussion and conclusion remarks have been

combined with :ecommendations presented separately.

5.1 DISCUSSION AND CONCLUSIONS.

in general, the authors believe that wovk presented in this report

represents an excellent source document for the initial design and

preparation of cost estimates for hardened communication structures. Based

on operational considerations, novel closure designs were examined that show

promise for antenna structures. Some of the pertinent features presented in

the report are discussed in the following paragraphs.

5.1.. Response Spectra.

Vertical and horizontal response spectra were developed for a I-MT

surface burst for three ground ranges associated with overpressure levels of

500, 5,000 and 15,000 psi, for airblast-induced shocki direct-Lnduced shock;

and latoe-time, crater-induced motion (primarily horizontal).

The controlling vertical and horizontal response spectra are that

produced by airblast-induced shock.

5.1.2 Equipment Fragility Level.

Shown in figure 23 are "sure safe" vertical and horizontal shock spectra

!or several different types of equipment. Comparing these values to t.hose

shown in Figures 20 and 21 for vertical and horizontal shock spectra for a

1-mT weapon, it is apparent that the equipment (pipes, radio receivers,

electrical panel boards, batteries, air-conditioning units, etc.) would

require shock isolation in order to survive even at the 500-psI level.

5...3 Design of Structural E1emencs.

P:ocedures for determining the static "esistance and dynamic design were

presented for slab-tyve Closures, dome-tvye closures, sl and base slabs
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for silos. Zn addition, the solutions were presented in graphic fc•-. making

it possi.ble tO design a hardened antenna structure directly to resist %he

effects of a .- MT surface detonation over a sandy silty soil. The method

should also produce a good first-trial design for other soil

conditions.

5.1.4 Lifting Concept for Dome Closure.

The dome closure allows the antenna to occupy space just under the

closure which is an efficient utilization of this space from a lifting and

operation standpoint, see figure 48. The engagement distance for the

lifting cam to make contact with the closure is governed by the vertical

rattlespace requirements. The antenna tides up with the liftin cram and

after the dome opens is In position for sending and receiving

comunications.

5,1.3 Lifti•n Concept for Slab Closure.

Sevreal sliding slab concepts for both whip and directional antennae are

shown in Figures I and 2. For the whip antenna, the split closure only

needs to open enough to allow the antenna to be raised. For the pop-up and

fold-out directional antennae, the split closure needs to open more to allow

the antenna to be raised. For the pop-up directional antenna, the entire

closure needs to slide out of the way. Assuming that 3 feet of e4ecta (soil

cover) ove: a slab represents the maximum depth of electa for wnich the

closure can operate (slide horizontally), then based on elect&a depths with

range s3hown in Figure 8, the maximum ground surface overpressure !or

consideration would be about 5,000 psi (880 feet) for this type of slab

closure. For greater overpressure levels, rise- and rotate-type closures

would probably be required. At the 5,000 psi range, the peak horizontal

displacement would be about 1.5 feet and the permanent horizontal

d1splacemenz would be about 0.75 feet. These laVe dlsplacements require

special design consideration for la:rge horizontal excursions for a sliding-

type closure.

5.1.6 Xquipment Space Requirements.

Space requirements were based on the size of receiving and transmitting

equipment for communication, alternate power supplies to operate the lifting



mechanisms for both the closure and antenna as well as the communicaticn

equipment, air-conditioning systems, air-exhaust systems and a sump pump. A

space 8 feet in diameter by 24 feet long is requi:ed to house all the

equipment necessary for one week of continuous operation. A space 10 feet

in diameter by .8 feet long is required to house all the equipment necessar7

for one month of continuous operation. for a structure with a slab-zype

closure, the silo would need to be longer than a silo with a dome-type

closure to accommodate space for a dished antenna.

5.1.7 Rattlespace Requirements.

The estimated rattlespace requirements have also been included in

Figure 48 to provide an appropriate vertical and horizontal shock isolation

system to protect the equipment located on the internal support system.

These present first-cut estimates and probably would be refined during the

final cesign when better values of coupling and system frequencies are

determined.

5.1.8 Hardness-Cost Trade-Offs.

The primary construction costs versus overpressure for antenna

structures having 4, 8, and 12 foot inside diameters are shown in Figure 57

for slab closures and figure 58 for dome closures. By first comparisons, it

would appear that the structure with the dome closure costs a great deal

more than a comparable structure with a slab closure. It should be noted

that the dome closure provides more usable space, and that the slab closure

system would :equire a greater length silo to provide comparable usable

space; hence, the cost would increase. :t can be observed that costs are
greater with increases in the diameter and the pressure the system must

resist. It is believed that sufficient information is provided to make

hardness-cost trade-of! evaluations for communication systems typical to

those described in this report.

5.2 RECOMMENDATIONS.

Recommendations are presented for use of this report and a test program

supportive of hardened structures to house antennae.
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5.2.1 :nitial Design of Hardened Antenna Structures.

:t is recommended that the Information in this report be used for the

initial design of hardened structures to house wnip and di:ectional

antennae. :t is also recommended that the cost infommation presented be

used to make relative cost estimates as well as actual cost estimates for

the several types of hardened structures discussed.

5.2.2 Teat Program.

The concepts of a split slab closure and a dome closure that opens like

petals on a flower require testing before such geometries can be used in a

real system. :t is recommended that a test program be developed for rise

and rotate slabs and for domes that open. The test program should include

the mechanical designs for operating the closures as well as raising the

antennae systems. Both concepts should be evaluated on how effective they

are in pushing through various thicknesses of soail cover (e~ecta). Finally,

the systems should be tested in a HEST-type environment that simulates the

blast and shook from a nuclear event. Some model tests would be desirable,

but at least a half-scale test would be required to check out the

mechanical, hydraulic and communication equipment in such a system to a

realistic blast and shock environvent.

Another possible system that could be very effective in m•tigating

vertical motion to the internal equipment would be the use of a "floatLng

base slab." Upon loading, the silo punches into the soil like a cookio

cutter, thus sheltering the base slab from the Intense vertical shock. :n

this manner, only the vertical rattlespace (see Figure 48) at the top of

the equipment stack should need to be considered, thus minimizing the length

of the silo. Special attention would be required for the horizontal shock

isolation. for example, the supporting structure attached to the base slab

could use rotatable connectLons.
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